Aims/hypothesis Lack of reversal of prediabetes (impaired glucose tolerance and/or impaired fasting glucose) to normal glucose regulation (NGR) during a lifestyle intervention is strongly associated with a higher incidence of diabetes later in life. In the Tübingen Lifestyle Intervention Program (TULIP) we hypothesised that an at-risk phenotype may exist at baseline that associates with this nonresponse to the intervention. Methods A total of 120 participants of TULIP with prediabetes at baseline were studied. Participants underwent 9 months of lifestyle intervention and had measurements of insulin secretion and insulin sensitivity during a 75 g OGTT, and measurements of liver fat content by proton magnetic resonance spectroscopy. Results During the lifestyle intervention, 55% of the participants did not revert to NGR. Even among participants with the largest body fat loss (upper quartile: −6.9±3.3%, mean±SD), 40% did not revert to NGR. In this regard, we identified at baseline a high-risk phenotype (n=72) consisting of low disposition index or low insulin sensitivity+nonalcoholic fatty liver disease (NAFLD) and a low-risk phenotype (n=48, all other traits). While the adjusted decrease in body fat was almost identical between these phenotypes (−5.7±15.3% vs −7.7±15.2%, p=0.49), the high-risk phenotype had a smaller decrease in adjusted 2 h blood glucose levels (−3.7±20.3% vs −18.5±20.0%, p=0.0009). In addition, only 31% of the participants with the high-risk phenotype, but 67% with the lowrisk phenotype, reverted to NGR (p<0.0001). The odds ratio for reaching the status NGR was 4.54 (95% CI 2.08, 9.94) for participants having the low-risk phenotype. Conclusions/interpretation Stratification of individuals with prediabetes at baseline into a high-risk and a low-risk phenotype, based on corrected insulin secretion and insulin-resistant NAFLD, may help to determine the effectiveness of a lifestyle intervention to revert individuals to NGR.
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While this study elegantly provided information that the continuous variables glycaemia, insulin secretion and age associate with the effectiveness of an intervention to reach the level of NGR, in routine clinical practice it is necessary to have categories of metabolic traits, so-called phenotypes, which enable the categorisation of patients into the respective high-and low-risk groups. Therefore, in the present study we specifically investigated whether using pathophysiologybased traits such as low insulin secretion, low insulin sensitivity, nonalcoholic fatty liver disease (NAFLD), visceral adiposity and others may enable the identification of a unique at-risk phenotype that associates with the nonresponse to a structured lifestyle intervention in respect to restoration of NGR.
Methods
We analysed data from the German Tübingen Lifestyle Intervention Program (TULIP) [14] [15] [16] . In this study, white individuals were included when they fulfilled at least one of the following criteria: a family history of type 2 diabetes (ascertained by questionnaires and by interviews with trained staff; defined as having at least one first degree relative with type 2 diabetes); a BMI >27 kg/m 2 ; or a diagnosis of IGT and/ or of previous gestational diabetes. A total of 120 participants had IFG [fasting glucose≥5.6 mmol/l (≥100 mg/dl)] and/or IGT [2 h glucose≥7.8 mmol/l (≥140 mg/dl)] and measurements of liver fat content at baseline. None of these participants was on any glucose-lowering medication, 28% were on antihypertensive and 12% were on lipid-lowering medication. Informed written consent was obtained from all participants and the local medical ethics committee had approved the protocol.
Lifestyle intervention After the baseline measurements, individuals underwent dietary counselling and had up to ten sessions with a dietitian. Participants presented a 3 day food intake protocol at each visit. By individual counselling, the aim was to reduce the intake of fat to amounts lower than 30% of total energy intake, to reduce the intake of saturated fat to amounts lower than 10% of total fat intake, to increase the intake of fibre to 15 g/4,185 kJ (1,000 kcal) and to achieve a weight loss >5% during the study. Diet composition was estimated with a validated computer program using two representative days of a 3 day diary (DGE-PC 3.0; Deutsche Gesellschaft für Ernährung, Bonn, Germany). Individuals were asked to perform at least 3 h of moderate sports per week. Aerobic endurance exercise (e.g. walking, swimming) with only moderate increase in the heart rate was encouraged. To determine the optimal aerobic exercise intensity, participants performed an incremental exercise test on a motorised treadmill (Saturn; HP-Cosmos, Traunstein, Germany) using a walking protocol and the heart rate at their individual lactate threshold was determined [17] . Individuals were given a heart rate monitor (Polar, Büttelborn, Germany) to measure their heart rate during exercise and it was recommended that they exercise with a heart rate close to, but below, the heart rate at their individual lactate threshold. The anthropometric, metabolic, physical activity and energy intake measurements were repeated after 9 months.
Habitual physical activity All individuals completed a standardised self-administered and validated questionnaire to measure physical activity, and a habitual physical activity (HPA) score was calculated [18] .
Total body fat, body fat distribution, lean body mass and liver fat content Measurements of total body fat and visceral fat and lean body mass were performed by an axial T1-weighted fast spin echo technique with a 1.5 T whole-body magnetic resonance imager. Liver fat content was measured by localised proton magnetic resonance ( 1 H-MR) spectroscopy as previously described [19] . NAFLD was defined as liver fat content >5.56% [20] . Magnetic resonance tomography (MRT) and 1 H-MR spectroscopy measurements were available in all participants at baseline, but only in 103 and 101 participants at follow-up. However, total body fat measurements by the tetrapolar bioelectrical impedance (BIA) method (expressed in % body weight) were available in all participants at baseline and at follow-up.
Oral glucose tolerance test and clinical chemical analyses
Participants underwent a frequently sampled 2 h, 75 g OGTT. Venous plasma samples were obtained at 0, 30, 60, 90 and 120 min for determination of plasma glucose and insulin levels. Blood glucose was determined using a bedside glucose analyser (YSI, Yellow Springs, CO, USA). Plasma insulin was determined on an ADVIA Centaur XP and all other routine variables on an ADVIA 1800 clinical chemistry system (Siemens Healthcare systems, Erlangen, Germany). NGR (fasting glucose <5.6 mmol/l and 2 h glucose <7.8 mmol/l), prediabetes and diabetes were diagnosed according to the recommendations of the 2003 International Expert Committee report on the diagnosis of diabetes [21] . Whole-body insulin sensitivity was calculated from glucose and insulin values during the OGTT as proposed by Matsuda and DeFronzo [22] . Insulin secretion was determined by calculation of the insulinogenic index (insulin at 30 min−insulin at 0 min)/(glucose at 30 min−glucose at 0 min). The disposition index (D I ), an estimate of beta cell function relative to insulin sensitivity, was calculated as the product of insulin sensitivity and insulin secretion.
Statistical analyses Data are given as means±SD. For statistical analyses, data that were not normally distributed (Shapiro-Wilk W Test, e.g. age, insulin sensitivity, insulinogenic index, D I , liver fat content, fat mass, fat distribution) were logarithmically transformed to approximate a normal distribution. Pearson correlations and the Student's t test were used to investigate univariate relationships. To test which baseline variables best associate with the improvement in glycaemia during the intervention we focused on sex, age, BMI, waist circumference, baseline fasting and 2 h glucose levels, insulin secretion, insulin sensitivity, liver fat content and insulin sensitivity×liver fat content. The variables were chosen because they were found to be associated with the improvement of glucose tolerance during lifestyle intervention [13, 23, 24] . The variable insulin sensitivity×liver fat content was included based on the existence of a metabolically benign and malignant NAFLD [25] . On the basis of these findings, high-and low-risk phenotypes were defined. Differences in anthropometrics and metabolic variables between the high-and low-risk groups in the cross-sectional analysis were tested using multivariate linear regression analysis with sex, age and body fat as covariates. The high-and low-risk groups were included in the models as independent variables. Changes in body weight, body fat and glucose levels between baseline and 9 months of follow-up during the lifestyle intervention were also tested in multivariate linear regression analysis. Here fold-changes (follow-up value/baseline value) in body weight, body fat and fasting and 2 h glucose levels were the dependent variables, while age, sex and the respective level of the variable at baseline were the independent variables. A p value ≤0.05 was considered statistically significant.
Results
Cross-sectional results In our participants with prediabetes at baseline (electronic supplementary material [ESM] Table 1) , insulin sensitivity correlated with body fat measured by BIA and MRT, as well as with visceral fat mass and liver fat content. These relationships were weaker or absent between D I , fasting and 2 h glucose levels and these variables (Table 1) . Compared with individuals without NAFLD, individuals with NAFLD had lower insulin sensitivity (7.3±3.7 vs 12.1± 4.9 AU, p<0.0001) and higher fasting (5.8±0.7 vs 5.6± Fig. 1 ), which allowed us to calculate the D I .
Longitudinal results During the intervention, except for uncorrected insulin secretion, all anthropometric and metabolic variables improved. The largest improvements were found for D I (+ 34%), liver fat content (−34%) and insulin sensitivity (+23%) (ESM Table 1 ). Nevertheless, 55% of the participants did not revert to NGR. There was large variability between the changes in body fat mass and 2 h glucose levels (Fig. 1) . Even among participants with the largest amount of body fat loss (upper quartile: −6.9±3.3%; decrease in body weight −5.1±4.9 kg), 2 h blood glucose levels did not improve in 27% of these individuals and 40% did not revert to NGR. We found that the changes in insulin sensitivity correlated with changes in body fat measured by BIA (all 120 participants) and MRT (n=103), as well as with visceral fat mass and liver fat content (n=101). Again these relationships were weaker or absent between D I and fasting and 2 h glucose levels and these variables ( Table 2) .
We then investigated whether a characteristic phenotype at baseline associates with the restoration of NGR. Among the variable sex and the continuous baseline variables age, BMI, waist circumference, liver fat content, insulin sensitivity, 2 h glucose levels, fasting glucose levels, insulin secretion and the interaction insulin sensitivity×liver fat content, the last three associated with restoration of NGR in a multivariate nominal logistic model (Table 3) . On the basis of the well-established role of insulin secretion and insulin sensitivity for the prediction of diabetes, we first divided the participants into two groups, without accounting for NAFLD: a high-risk phenotype, with low D I (lower than the median of the group), and low insulin sensitivity (lower than the median of the group), which is insulin secretion failure in the presence of insulin resistance vs a phenotype with all other traits. The decrease in body weight was similar in both groups (Fig. 2a) as was the decrease in 2 h glucose levels (improvement in glucose tolerance; Fig. 2b) . Importantly, restoration of NGR (reaching the status normal fasting glucose [NFG]+normal glucose tolerance [NGT]) was not statistically significant between these phenotypes (p=0.07).
Next, we divided participants into a high-risk phenotype based on low D I (n=60) or low insulin sensitivity+NAFLD (insulin secretion failure or metabolically malignant NAFLD [25] ; n=12) vs all other phenotypes (Table 4) . For a similar decrease in body weight ( Fig. 2c ; adjusted decrease in body fat −5.7±15.3% in the high-risk phenotype vs −7.7±15.2% in the low-risk phenotype; p=0.49), individuals with the high-risk phenotype had a smaller decrease in 2 h blood glucose levels than those with the low-risk phenotype (Fig. 2d, −3 .7±20.3% in the high-risk vs −18.5±20.0% in the low-risk phenotype, p=0.0009). Additional adjustment for fat mass at baseline and at follow-up (p = 0.004), antihypertensive medication (p=0.002) or lipid-lowering medication (p=0.001) did not appreciably affect these results. Moreover, 67% of the individuals with this low-risk phenotype, but only 31% of the participants with the high-risk phenotype, reached the status NFG+NGT (Table 4 ). The odds ratio for reaching the status NGR was 4.54 (95% CI 2.08, 9.94) for participants having the low-risk phenotype. The test had a positive predictive value of 67% and a negative predictive value of 69%. Change in body fat BIA (%) Fig. 1 Relationship between changes in body fat and changes in 2 h glucose levels during lifestyle intervention. Data from 120 individuals with prediabetes (IFG and/or IGT) at baseline are shown 
Discussion
In the present study, we investigated whether at-risk phenotypes can be identified in individuals with prediabetes at baseline that are associated with a reduced response in the improvement of glycaemia during a lifestyle intervention. We found that a phenotype, consisting of low insulin secretion relative to insulin resistance or insulin-resistant NAFLD, was associated with reduced improvement in glucose tolerance, and less reversal of prediabetes, during such an intervention. These findings support previous observations that prediabetes is a very heterogeneous condition [26] [27] [28] . Moreover, they indicate that the identification of specific prediabetes phenotypes prior to an intervention may help not only to assess the response regarding progression to diabetes but also to implement (early on) more-intensive interventions in individuals with high-risk phenotypes.
We undertook the present analysis based on the observation from clinical lifestyle intervention trials that the improvement of glycaemia, which was achieved during the intervention, was relatively heterogeneous [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Furthermore, several problems about successful translation of such interventions to clinical practice have been identified [29] [30] [31] . Thus, while it would be desirable to implement safe lifestyle intervention programmes in individuals at risk for diabetes nationwide, the relatively high costs and the relatively large variability in the success rates of such an intervention limit this endeavour.
To overcome these problems, it may be necessary to better adapt such a lifestyle intervention towards the individual's risk of diabetes, and more importantly, this adaptation could optimise the chance that the intervention would improve the glycaemia of the individual. Analyses from clinical lifestyle intervention trials have consistently shown that prevention of diabetes is correlated to the amount of weight loss that has These two high-risk groups were compared with the respective low-risk phenotypes comprising the other traits. Data are least square means and SD (for differences between the groups in the changes of body weight and 2 h glucose levels, each adjusted for age, sex and the respective level of the variable at baseline, in multivariate regression models). ***p<0.001 been achieved in the studies [13, 32] . However, in contrast to the relatively strong correlation between change in weight loss and insulin sensitivity, the correlations of changes of weight loss or fat mass with changes of glycaemia are not very strong, a finding that we have replicated in our present analysis. Furthermore, paradoxically, increased weight loss was associated with increased diabetes incidence in DPPOS, independently of the treatment in the Diabetes Prevention Program (DPP) [12] . Thus, what other variables, preferably those which can be measured prior to the intervention, can help to estimate the effectiveness of the lifestyle intervention to improve glucose levels? So far, low insulin secretion was found to be a good predictor in the Finnish DPS and the U.S. DPP [11, 13] . Interestingly, in these studies, estimates of insulin resistance were not or were only weakly associated with the improvement of glycaemia.
Consequently, we hypothesised that an at-risk phenotype consisting of low insulin secretion relative to insulin resistance and low insulin sensitivity (as defined by the median values in our population with prediabetes) may be associated with reduced effectiveness of lifestyle intervention to improve 2 h glucose levels and with the conversion to NGR. For a very similar amount of weight loss, decrease in energy intake and increase in HPA (indicating similar adherence to the intervention), individuals with this phenotype had a lower decrease in 2 h glucose levels than those without this phenotype; however, this difference was not statistically significant (Fig. 2a,b) .
On the basis of the role of NAFLD in the pathogenesis of metabolic diseases [33] [34] [35] [36] [37] , we then hypothesised that accounting specifically for insulin resistance+NAFLD (metabolically malignant fatty liver) [25] may help to better estimate such a response. Indeed, for an almost identical weight loss compared with the respective low-risk phenotype, individuals with this at-risk phenotype had only a relative decrease of 2 h glucose levels of 3.7±20.3% while the decrease of glucose amounted to 18.5 ± 20.0% in the low-risk phenotype (Fig. 2c,d) . Furthermore, only half of the participants with the at-risk phenotype reverted to the status of NGR.
What are the limitations and the strengths of our study? Owing to the fact that the phenotypes isolated IFG, isolated IGT and IFG and IGT combined somewhat differ in their pathophysiology, [26] [27] [28] it would be important to know whether the risk phenotypes are associated with the response to the intervention to a similar extent in these prediabetes subphenotypes. However, our sample size was too small to satisfactorily address this question in our study. Nevertheless, in a statistical model, isolated IFG, isolated IGT and IFG and IGT combined did not interact with the risk phenotypes in determining change in glycaemia (e.g. the p value for interaction on change in 2 h glycaemia was 0.79), indicating that the It is encouraging that precise phenotyping of individuals with prediabetes prior to the lifestyle intervention may help to better assess the response in respect to the improvement of glycaemia during the intervention. However, two questions arise. First, is it necessary to perform more intense phenotyping, such as a frequently sampled OGTT and to diagnose NAFLD, in order to better estimate the risk of reduced response to the intervention and what value is there in using changes in anthropometric and metabolic variables during the intervention for this purpose? Second, how can such phenotype setting be implemented in daily clinical practice? In our study, insulin secretion and insulin sensitivity (both measured during the OGTT at baseline) and the interaction of insulin sensitivity with NAFLD (also measured at baseline) were more strongly associated with the restoration of NGR than the other variables tested. Fasting and 2 h glucose levels were not identified as strong determinants. In addition, we focused only on baseline variables because they can help to estimate the response to the intervention already prior to the start of an intervention programme. Thus, based on our main hypothesis, rather than create a complex formula by using continuous and categorical variables, it may be possible to use the variables low insulin secretion and low insulin sensitivity in combination with NAFLD to identify specific pathophysiology-based phenotypes that are associated with the restoration of NGR. In addition, a 2 h OGTT with measurements of stimulated glucose and insulin levels during fasting and at two additional time points already provides reliable information that can be used to calculate insulin secretion and insulin sensitivity. Furthermore, while ultrasonography is inferior to the 1 H-MRS method to precisely quantify liver fat content, it can be routinely used for the diagnosis of NAFLD [38] .
The next questions are, can a reduced response to a standard lifestyle intervention in individuals with the identified high-risk phenotype be overcome by an intensified lifestyle intervention? In all of our participants with prediabetes, change in body fat mass was not associated with the change in 2 h glucose levels (p=0.15); however, in the high-risk group, a larger decrease of body fat mass correlated with a larger decrease of 2 h glucose levels (p=0.04, data no shown). Although these findings do not prove that a more intensified intervention is more effective in the high-risk group, they support that it is worth testing this hypothesis in a future study. Furthermore, individuals with the low-risk phenotype may not necessarily require lifestyle intervention, as information about a healthy lifestyle may be sufficient to make them change their lifestyle to prevent progression to diabetes. These questions can only be answered by a randomised and controlled clinical trial. Consequently, we have started the German Prediabetes Lifestyle Intervention Study (PLIS) in eight centres throughout Germany. A total of 1,000 individuals with prediabetes are being phenotyped for insulin secretion, insulin sensitivity and NAFLD at baseline. Subsequently, participants with the highrisk phenotype are being randomly assigned to a standard and an intensified lifestyle intervention, while individuals with the low-risk phenotype are being randomly assigned to a standard intervention or no intervention (ClinicalTrials.gov, NCT01947595).
In conclusion, we found that stratification of individuals with prediabetes at baseline into a high-risk and a low-risk phenotype, based on corrected insulin secretion and insulinresistant NAFLD, may help to assess the effectiveness of a lifestyle intervention to revert individuals to NGR. This phenotyping approach may help not only to estimate the effectiveness of a lifestyle intervention to prevent type 2 diabetes but also to provide a more intensified intervention to the people with the highest risk for diabetes. Duality of interest The authors declare that there is no duality of interest associated with this manuscript.
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